A soft X-ray, beam-splitting, multilayer optic has been developed for the Bragg Reflection Polarimeter on the NASA Gravity and Extreme Magnetism Small Explorer Mission (GEMS). The optic is designed to reflect 0.5 keV X-rays through a 90 degree angle to the BRP detector, and transmit 2-10 keV X-rays to the primary polarimeter. A transmission requirement prevents the use of a thick substrate, so a 2 µm thick polyimide membrane was used. Atomic force microscopy has shown the membrane to possess high spatial frequency roughness less than 0.2 nm rms, permitting adequate X-ray reflectance. A multilayer thin film was especially developed with reflectance and transmission properties that satisfy the BRP requirements and with near-zero stress. Multilayer depositions for prototype reflectors have been performed via magnetron sputtering. Reflectance and transmission measurements closely match theoretical predictions, both before and after rigorous environmental testing.
INTRODUCTION

BRP Overview
The Bragg Reflection Polarimeter (BRP) was the student experiment on the NASA Gravity and Extreme Magnetism Small Explorer (GEMS) mission. 1 The experiment existed under the NASA Education and Public Outreach program, and its primary purpose was to train students in the field of space exploration. The scientific goal was to examine the geometry of spacetime surrounding accreting black holes using X-ray polarization. A team of students at the University of Iowa (UI) was tasked with the design, construction, testing, integration, and operation of a soft X-ray polarimeter under the guidance of UI faculty and NASA personnel. The UI students passed the Preliminary Design Review at Goddard Space Flight Center, after which the mission was cancelled. At the time of cancellation, the team was developing flight hardware and preparing for the Critical Design Review. This paper reports on the development of the multilayer reflector for this instrument.
The basic instrument concept is shown in Fig. 1 . Glancing incidence Wolter Type I mirrors focus a cone of light toward the primary experiment (XPI: X-ray Polarimeter Instrument). 2 The multilayer reflector is placed in this optical path at a nominal 45 degree incidence angle, reflecting a narrow energy band centered at about 0.5 keV to the multiwire proportional counter (MWPC). Due to the polarization dependence of reflection, the reflected intensity will vary based on the polarization of the incoming beam and the roll angle of the spacecraft. As the spacecraft rotates about the optical axis, the MWPC monitors the count rate to obtain a polarization measurement of an astrophysical source.
Three main components make up the BRP: the multilayer reflector, the MWPC, and the electronics box. The reflector consists of a polyimide membrane substrate mounted on a metallic frame and coated with an ultrashort-period WC/SiC multilayer coating. The MWPC is loosely based on the design of the ROSAT PSPC, and possesses discrete regions for X-ray detection and charged particle background rejection. 3 The electronics box supplies high voltage to the MWPC, shapes and digitizes MWPC pulses, and communicates with the spacecraft. A more in-depth description of the BRP and its expected performance can be found in another proceedings volume. Figure 1 . A conceptual diagram of the operation of the GEMS BRP. The multilayer reflector is placed in the optical path of the main experiment. The proportional counter monitors the X-ray count rate that is modulated as a function of spacecraft roll angle, depending on the polarization of the incoming beam.
Reflector Requirements
The figure of merit for a polarimeter is the minimum detectable polarization (MDP), defined as the 99% confidence limit that a polarization amplitude is not measured by chance. For a source rate S, background rate B, and observation time T , the fractional MDP is given by MDP = 4.29 µS
where µ is the polarimeter response to a 100% polarized source. 5 In the X-ray band, Brewster's angle for 0% reflection of p-polarized light is ∼ 45 degrees, and so for a Bragg polarimeter operating at 45 degree incidence µ 1.
BRP MDP estimates were made using the energy spectrum of the Crab Nebula, the only X-ray source to have its polarization reliably measured (15.7% and 18.3% at 2.6 keV and 5.2 keV, respectively) in the past. Theoretical reflectance curves (see Sec. 3) for various multilayer designs were convolved with the Crab energy spectrum to predict the source rate S, and a rough estimate for the detector background rate B (0.006 cts/sec) was obtained using the background rates measured in Bunner et al. 7 and scaling for the detector size. The Crab observation time was fixed to that in the GEMS Observing Plan (3 × 10 5 sec). The multilayer integrated reflectance at a fixed incidence of 45 degrees was used to quantify the reflector sensitivity requirement, which was set at 0.08 eV based on the reflectance curve of the multilayer design with the highest permissible predicted MDP (10%). The rms slope of the reflector surface, calculated at spatial wavelengths between 1 mm and the full aperture, was required to be < 5 arcmin to ensure the reflected photons pass through the 11.2 mm diameter detector window.
In order to not reduce the XPI sensitivity, the reflector must have high transmission in the 2-10 keV band. Reflector transmission curves were calculated and convolved with the XPI effective area to predict the reduction in sensitivity due to the BRP. In this calculation, the polyimide substrate thickness was fixed at 2 µm and both the material and number of bilayers were varied. A 70% transmission requirement was set at 2.7 keV using the calculated transmission curve that produced the maximum allowable reduction in XPI sensitivity. This energy is at the low end of the XPI energy band, where the transmission is expected to be the worst. Also, it is straightforward to measure transmission at this energy using an X-ray tube and a rhodium target-the full transmission curve can then be extrapolated from this measurement. A clear aperture requirement was set at 32 mm so that the metallic frame would not eclipse the light cone seen by the XPI window.
SUBSTRATE SELECTION
A thin film substrate for the multilayer coating was necessary to satisfy the transmission requirement. Approximately 2 µm thick polyimide samples were obtained from Luxel Corp. for surface quality and X-ray transmission measurements. 
Surface Roughness
The ultimate reflectance achieved by a multilayer structure is reduced from its theoretical maximum due to imperfections in the individual interfaces. Sources of imperfection include atomic thermal vibrations, surface roughness, interdiffusion of adjacent layers, and even the size of the atoms themselves. Typically, substrate surface roughness also propagates through the layers of a multilayer. A rule of thumb is to choose a substrate with rms roughness < 0.1d, where d is the period of the multilayer. 8 The Bragg equation (mλ = 2dsinθ) leads us to a d spacing of ∼ 1.7 nm for a peak reflectance at ∼ 0.5 keV. Therefore, we sought a thin film substrate with roughness 2Å rms.
The spatial frequency range of surface imperfections that degrade soft X-ray reflectance 9 is approximately 1-100 µm −1 . Atomic force microscopy (AFM) is the only metrology technique able to access this frequency range. The surface profiles of both surfaces of a polyimide sample were mapped out using 1 µm 2 AFM scans with 512 by 512 points. One dimensional power spectral densities (PSDs) were calculated and are shown in Fig.  2 . The bottom surface refers to the side of the film making contact with the Si wafer substrate during substrate fabrication. The roughnesses obtained by integrating the PSDs are 6.76Å and 1.34Å rms for the top and bottom surfaces, respectively. The roughness of the bottom surface closely matches the ultra smooth Si wafer onto which it was deposited, which has a typical 1Å rms roughness in the same spatial frequency range.
Slope Error
Roughness in spatial frequencies 1 mm −1 has little effect on reflectance throughput, and instead determines the quality of the reflected image. A reflector with significant slope error (i.e. waviness) will act to smear the point spread function of the image at the detector window (11.2 mm diameter), resulting in a lower encircled energy fraction. Combined with the pointing wobble of the spacecraft, this effect will increase the uncertainties in a polarization measurement. To limit this impact, slope error is required to be < 5 arcmin in the spatial wavelength range of 1 mm to the full aperture of the reflector. The clear aperture (required to be > 32 mm) of procured substrates is defined as the largest substrate diameter that satisfies this 5 arcmin slope error requirement.
Using Luxel supplied confocal microscope scans of the polyimide substrate, PSDs were calculated over the spatial frequency range of ∼ 0.1-2.5 mm −1 . Ripples confined to the perimeter of the film are not included in the clear aperture, so the calculation was restricted to interior slices of the film. The two scans and the slices taken for the PSD are shown in Fig. 3 . The slope error was quantified by integrating the second moment of the resultant PSDs, and was 3.47 arcmin and 1.34 arcmin for the x and y scans, respectively. Both of these numbers are well within the 5 arcmin requirement.
X-ray Transmission
The X-ray transmission of the substrate alone was tested at normal incidence prior to reflector development in order to ensure that the 70% transmission requirement for the multilayer-coated substrate could be met at 2.7 keV. The experimental setup is depicted in Fig. 4 . A collimated beam generated by an Oxford X-ray tube enters the chamber and impacts a target consisting of a copper plate covered with aluminum foil. An Amptek XR-100CR silicon detector is positioned off-axis to collect the resulting 8 keV copper and 1.5 keV aluminum fluorescence lines. The polyimide sample is moved in and out of the path between the target and the detector with a linear vacuum feedthrough. The aluminum count rate with the sample in the fluorescence path divided by that with the sample out of the fluorescence path is taken as the transmission. The copper line, which has > 99.8% transmission through the polyimide, is used to normalize spectra from run to run due to the varying X-ray tube flux.
The results of the measurement are shown in Fig. 5 . The green points indicate the 76.7% and 78.6% measured transmission values for two samples of Luxel polyimide. Theoretical transmission values were calculated over the GEMS energy range using the Center for X-ray Optics online database. 10 The measurements are consistent with the theoretical transmission values within the ±0.1 µm uncertainty in the film thickness, lending confidence to the ability to predict substrate transmission using tabulated optical constants. The extrapolated transmission at 2.7 keV and a 45 degree incidence angle is 94.0%, deemed sufficient for the reflector substrate.
MULTILAYER MODELING AND MATERIAL PAIR SELECTION
The UI team worked with collaborators at Lawrence Livermore National Laboratory (LLNL) to determine the best materials to use for the multilayer coating. The primary considerations were the theoretically achievable reflectance and transmission, systematic errors induced by the spacecraft pointing wobble, and the potential stress put on the substrate by the multilayer coating, which should be minimized to ensure polyimide membrane survival. The candidate material pairs were WC/SiC and Al 2 O 3 /V. WC/SiC was specifically designed to have near-zero compressive stress, and Al 2 O 3 /V has high theoretical reflectance above the vanadium L edge at 511 eV. All multilayer modeling made use of IMD software. • incidence angle is shown by the dashed line. A reflectance curve calculated using weights from the simulated GEMS incidence angle distribution is shown by the solid line.
Weighted Reflectance Curves
Although the BRP reflector's nominal incidence angle is 45 degrees, the converging X-ray cone hitting the reflector will have an inherent spread in incidence angles of approximately ±2
• , dictated by the diameter of the Wolter I mirrors. The form of this incidence angle distribution was determined using a simplified model of the mirrors. This angular distribution was used to weight reflectance curves calculated for incidence angles covering the ±2
• range, which were then summed together to arrive at the true reflector response versus energy. Fig. 6 shows two WC/SiC reflectance curves. The sharply peaked curve represents the predicted response for a nominal 45
• incidence angle. The smooth, broadly peaked curve is the result from the weighted averaging of reflectance curves over the 45 ± 2
• range. While the peak reflectance of the weighted curve is significantly lower than in the ideal case, the broader energy response acts to preserve the integrated reflectance.
MDP Optimization
For each material pair candidate, IMD was used to determine optimal coating parameters. Variable parameters included the ratio of high Z material thickness to bilayer period (Γ) and the energy of peak reflectance (dictated by the bilayer period d and incidence angle). For the WC/SiC case, however, Γ was fixed to 0.5 in order to achieve near-zero compressive stress (see Sec. 3.4). As an academic exercise, the incidence angle for the WC/SiC coatings was varied during optimization. Optimal coating parameters were determined by taking the design with the lowest theoretical MDP.
For a given set of coating parameters, the maximum number of bilayers N max was determined by calculating the multilayer transmission of 2.7 keV photons at a 45
• incidence angle, and taking the highest number of layers for which the transmission, including the effect of the substrate, was > 75% (for margin on the 70% requirement). The weighted reflectance curve for unpolarized light was then calculated for N max bilayers. This curve was convolved with the Crab nebula energy spectrum between 400 and 600 eV. The integral of this curve was multiplied by the effective area of the GEMS mirrors at 500 eV (207 cm 2 ), the transmission of the mirror thermal shields at 500 eV (39.69%), and the transmission of the BRP detector window at 500 eV (∼ 47%) to calculate an average count rate. The quantum efficiency of the detector (∼ 1) and the encircled energy fraction (∼ 100%) were ignored. Finally, the count rate was inserted into Eq. (1) to arrive at an MDP.
The results of the Al 2 O 3 /V optimization (varying Γ and peak reflectance energy) are shown in Fig. 7 . Two local minima can be seen in the contours. The global minimum is at a peak reflectance energy of 506 eV and a Γ of 0.52. The low MDP at this energy is attributable to high theoretical peak reflectance just above the vanadium L edge at 511 eV. The other minima is at an energy of 517 eV and a Γ of 0.54. At this peak energy, the Al 2 O 3 /V weighted reflectance curve lies just below the oxygen absorption edge of the interstellar medium, where the flux from the Crab is the highest within our scanning region.
The WC/SiC optimization results are shown in Fig. 8 . Due to geometrical constraints, the only section of the contour plot considered for flight parameters is the slice along the edge where the incidence angle equals 45
• . Because the optical constants of these materials are well behaved in our energy range, the MDP is a slowly varying function. The MDP begins to rise as the peak reflectance energy nears ∼ 515 eV, when the oxygen absorption edge begins to reduce the Crab flux. Notice, however, that the optimal incidence angle for polarimetry is not necessarily 45
• . The modulation factor µ is at a maximum at 45
• and begins to fall due to the increase in p-polarization reflectance as the incidence becomes more glancing. In this case, the higher reflectance achieved at more glancing angles outweigh the accompanying drop in modulation factor µ, resulting in a lower MDP.
Systematic Error
In a perfectly aligned and pointed telescope, the optimal parameters found in the previous section would be chosen for fabrication. However, false polarization signals due to telescope misalignment and spacecraft pointing wobble must be taken into account. For example, a fixed telescope misalignment could cause the beam to wobble about the nominal beam axis. Because reflectance is dependent on incidence angle, this could cause a modulation in count rate unrelated to the inherent polarization of the incident beam. A detailed examination of BRP systematics is beyond the scope of this paper and is discussed in Ref. 4 . A rough simulation was carried out for the purposes of multilayer material pair selection.
The predicted GEMS pointing accuracy at the time of material pair selection was ∼ 2 arcmin. The worst case false polarization induced by misalignments assumed a fixed 2 arcmin pointing error. Count rates were calculated for ±2 arcmin from the nominal 45
• incidence angle, and induced polarization was calculated as (R max − R min )/(R max + R min ). This calculation was repeated for nominal incidence angles of 44.7
• and 45.3
• to account for potential reflector misalignment.
The results are shown in Fig. 9 and 10. Fractional induced polarization is plotted along with MDP against the peak energy for which the multilayer is tuned. Although these false polarizations are certainly overestimates, it is clear the Al 2 O 3 /V material pair has the potential to add significant uncertainty to BRP polarization measurements, particularly given that the astrophysics goal is to measure polarizations on the order of a few percent. This effect can be attributed to the rapidly varying optical constants of vanadium near the 511 eV L edge.
BRP Multilayer Design
Due to the aforementioned systematic error concerns, WC/SiC was chosen as the BRP material pair. The MDP achieved using this material pair is slowly varying near 500 eV, so the choice of peak reflectance energy was dominated by systematic error predictions. A peak reflectance energy of 515 eV was chosen in order to minimize potential false polarization signals. Using the Bragg equation, this leads to a d spacing of 1.70 nm for a nominal 45 degree incidence angle. Experimental results demonstrated that a Γ value of 0.5, combined with d-spacing of 1.7 nm, results in a relatively low -98 MPa (compressive) stress for WC/SiC. Low or zero stress is highly beneficial towards the integrity of multilayer-coated free-standing membranes such as the BRP element discussed in this manuscript, so Γ was fixed to 0.5. The predicted MDP for this design is 7.3% for 3 × 10 5 seconds of observation of the Crab Nebula, with 37.0% margin relative to the 10% requirement.
PROTOTYPE PERFORMANCE
Multilayer Deposition
The WC/SiC multilayer coatings were deposited at LLNL in a planar DC-magnetron sputtering system with a "sputter up" geometry, where the sputtering targets (sources) are facing up and the substrate is facing down. An algorithm based on modulation of the rotational velocity of the deposition platter is used to control the coating thickness and to achieve the required coating thickness uniformity. Each sputtering source has dimensions of 5×10 in 2 . The WC and SiC sources were operated at a constant power of 100 W and 200 W, respectively. Base pressure was maintained at 1.5 − 2.5 × 10 −7 Torr and the Ar process gas pressure was 2 mTorr.
Reflectance and Transmission Measurements
A prototype reflector was fabricated by depositing a WC/SiC multilayer coating on a polyimide substrate with a 28.6 mm aperture provided by Luxel. The reflectance and transmission properties of the prototype reflector were measured at Beamline 6.3.2 at the LBNL Advanced Light Source synchrotron. 12 The first set of measurements took place June 6th, 2011. The prototype underwent thermal soaks at the Berkeley Space Sciences Laboratory between June 8th and June 10th. There were two ∼ 8 hour soaks at both 0 and 40 C. The reflectance and transmission measurements were repeated on June 10th to verify thermal stability of the multilayer coating. The prototype underwent vibration and acoustic testing at Goddard Space Flight Center on August 1st and 2nd. The standard GEVS 14.1 G rms vibration profile and a 137.86 dB Pegasus class acoustic profile were used. More thermal cycling occurred in November 2011 during tests on temperature dependent rippling (see Sec. 4.3). Finally, the reflectance and transmission properties of the prototype were verified at the ALS synchrotron on December 18th, 2011.
Reflectance curves from the June measurements are shown in Fig 11. Curves taken from various points on the reflector surface (center and 10 mm off-center in four directions) indicate good d-spacing uniformity. IMD fits to these reflectance curves yield 0.24 nm rms roughness, in good agreement with previous WC/SiC coatings.
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The mean integrated reflectance is 0.16 eV, twice that of our requirement. There was no observable difference between the first two sets of reflectance and transmission measurements in June-the thermal cycling at SSL had no effect on the prototype's performance. The mean integrated reflectance, averaged over various positions on the reflector surface, measured during December 2011 was 5.6% lower (relative) than that measured during June 2011. Due to exposure of the reflector to non-cleanroom environments and a variety of handling conditions during the environmental testing, the reflectance reduction may be due to aging, contamination, or a combination of both. The prototype's transmission was measured in the energy ranges 180-284 eV and 440-1304 eV on June 10th. The results are shown in Fig 12. The yellow line is the theoretically predicted transmission based on IMD calculations, and matches the experimental data for the center position very closely. The discrepancies between the data and the theory near absorption edges are a result of the fact that the optical constants used in the IMD calculation do not include near-edge fine structure in the reflector materials. The transmission between 440-574 eV was measured again on December 18th, and was consistent with the measurements obtained in June. Using the IMD model, the predicted reflector transmission at 2.7 keV is 75.2%, meeting our 70% requirement. Figure 13 . The prototype reflector before the second set of reflectance measurements is shown at left. At right, the prototype immediately after the measurements. The ripples receded to the perimeter of the film after the prototype was exposed to vacuum for several minutes.
Ripples
After multilayer deposition on the polyimide substrate, ripples were noticed over an extended region of the film (see Fig. 13 ). The ripples were observed to originate where regions of uneven tension existed previously on the uncoated membrane. The ripples mostly disappeared after the coated membrane was exposed to either vacuum or dry nitrogen for several minutes. In fact, the ripples can be eliminated by holding the prototype under a clean hood for 2-3 minutes, although they return shortly after removal of the prototype from the clean hood. It was concluded that humidity absorption/desorption from the polyimide substrate was primarily responsible for this behavior. Due to the dry environment in low earth orbit, the humidity dependence was not cause for concern.
The prototype's substrate was mounted on an aluminum frame with a coefficient of thermal expansion (CTE) on the order of ∼ 23 ppm/C, while the estimated CTE of the Luxel polyimide is ∼ 5 ppm/C. To investigate the effect of CTE mismatch on the ripples, the prototype was installed in a vacuum chamber with an optical viewport and pumped down to < 1 Torr in order to deconvolve the humidity and thermal ripple dependencies. The chamber was cycled between 0 C and 50 C in a water bath. At 0 C, the CTE mismatch resulted in exaggerated ripples covering the entire film surface. At 50 C, the ripples at the perimeter of the film were seen to recede even closer to the frame material. Evidently, the higher CTE of the frame caused the film to lose tension at low temperatures, and increased the tension at high temperatures. For the flight model reflector, three frame material options were identified to attempt to resolve this issue: Invar, Kovar, and titanium, with estimated CTEs of 2 ppm/C, 5 ppm/C, and 8 ppm/C, respectively.
CONCLUSION
A prototype reflector has been fabricated that meets nearly all of the GEMS BRP requirements. The reflectance achieved is more than adequate, even after a slight drop of integrated reflectance between the June and December measurements. The transmission is reliably predictable, and suffered no change between the June and December measurements. The ripples due to thermal expansion effects raise temperature control concerns, but selection of an appropriate frame material would alleviate such concerns. Also, the prototype frame had a 28 mm aperture, so new frames that meet the 32 mm clear aperture requirement would have to be procured. Were it not for the GEMS mission cancellation, the final step would be to send reflectors made with Invar, Kovar, and titanium frames through a round of environmental testing to demonstrate reflector survival and the mitigation of the ripple concerns. Reflector survival would be verified visually and by reflectance measurements, and the reflector transmission would be verified at 2.7 keV per our requirement.
